Virus-encoded proteinase activity of hepatitis A virus (HAV) was studied in vitro. Genomic regions coding for segments of the viral polyprotein were expressed by in vitro transcription and translation in rabbit reticulocyte lysates. Polyproteins translated from synthetic transcripts encoding P l-P2 or AVP l-P2 were not processed indicating that no proteolytic activity is encoded within P2 of HAV, in contrast to other picornaviruses. Proteinase activity was, however, detected in the genomic region encoding 3C. Mutant transcripts (la) which encode an alanine in place of the cysteine residue at amino acid position 172 of 3C did not yield proteolytic activity, consistent with the hypothesis that proteinase 3C is a cysteine-containing trypsin-like proteinase. Processing products 3ABC and P3 were identified by immunoprecipitation, providing evidence that proteolytic cleavage occurs at the 2C/3A and less frequently at the 3C/3D junction. For cleavages at either site, the complete 3D moiety was not required. In general, analysis of cleavage products was made difficult by the presence of polypeptides which were translated from internal start sites, predominantly within the P3 region. Since only small amounts of the full-length products P1-P2-P3 or P2-P3 were translated, possible cleavage of P1 and P2 by 3C could not be resolved in this system. Furthermore, no intermolecular cleavage could be detected when in vitro translated polypeptides of the P3 region were incubated with P1, P1-P2 or P2-P3~t as substrates.
Introduction
In picornaviruses, gene expression is controlled by a highly ordered cascade of proteolytic processing steps catalysed by proteinases L, 2A and 3C which cleave the large primary translation product into viral structural and non-structural proteins and cause shutoff of host cell protein synthesis (for reviews, see Kr~iusslich & Wimmer, 1988; Palmenberg, 1990) . Primary cleavage at the P1-P2 junction of the entero-and rhinovirus protein is rapidly executed by proteinase 2A while the polyprotein is still being translated on the ribosome. With the exception of the maturation cleavage yielding VP2 and VP4, all other cleavages are mediated by 3C or its precursor 3CD. In the polyprotein of encephalomyocarditis (EMCV) and foot-and-mouth disease viruses, the primary cleavage event occurs at the P1-2A/2B junction and is catalysed by a novel self-cleavage mechanism (Palmenberg, 1990 All subsequent cleavages in the cardioviral polyproteins are mediated by 3C or its precursors. Amino acid sequence alignment led to the hypothesis that 2A and 3C of the entero-and rhinoviruses, as well as 3C of the aphtho-and cardioviruses, are trypsin-like proteinases containing a cysteine residue as the nucleophile in the active site (Bazan & Fletterick, 1988) . This hypothesis was subsequently supported by mutational analysis of 2A and 3C proteinases (e.g. Yu & Lloyd, 1992; H/immerle et al., 1991) .
Little is known about polyprotein processing of hepatitis A virus (HAV), a member of the picornavirus family. HAV is unique in its slow and usually noncytopathic growth in cell culture making analysis of viral RNA replication, protein biosynthesis and assembly of particles very difficult (Ticehurst et al., 1989; . The cDNA of several HAV strains has been sequenced and HAV genome organization has been determined (Cohen et al., 1987; Paul et al., 1987) . In accordance with other picornaviruses, it is presumed that the genetic information of HAV is expressed as a single polyprotein which is co-and post-translationally cleaved into proteins involved in genome replication and virion 0001-1181 © 1993 SGM formation. Little is known about the role of proteolytic processing of the HAV polyprotein during viral replication, nor about the structural requirements of the enzymes involved. Proteolytic activity has recently been attributed to HAV 3C using bacterial expression and an in vitro transcription/translation system (Gauss-Mfiller, 1991 ; Gauss-Mfiller et al., 1991 ; Harmon et at., 1992; Jia et al., 1991a) .
In vitro translation of synthetic RNA transcripts of subgenomic cDNA is particularly useful for studying HAV proteinase activities since it allows separate analysis of distinct genomic regions (e.g. the region coding for the proteinase and its substrate). Using this experimental approach, the polyprotein processing scheme of several species of picornaviruses has been elucidated and the regulatory requirements for substrate specificity were established (Palmenberg, 1990; Nicklin et al., 1987; Ypma-Wong & Semler, 1987) . Here, we demonstrate cell-free expression of potential proteinases encoded by the P2 and P3 regions of HAV. The data presented provide no evidence for a proteinase in the HAV P2 region, whereas proteolytic activity could be mapped to the 3C region, cleaving at the 2C/3A and the 3C/3D junctions.
Methods
Construction of pT7-P2P3 and mutants. To construct pT7-P2P3, cDNA contained in plasmids 9280, 3831, 7150, 3087 and 1998 derived from HAV strain MBB (Paul et al., 1987) were combined in such a way that the T-most 101 nucleotides (nt) of the HAV 5' non-translated region (5' NTR) and the first AUG of the long open reading frame were placed under the control of the T7 promoter in frame with the cDNA sequence coding for the 100 C-terminal amino acids of VP1 and the entire P2 and P3 region (Fig. 1) . The resulting plasmid pT7-P2P3, in which the authentic translation start site of HAV is fused to the coding regions of P2 and P3, allows cell-free expression of polyproteins starting with the amino acid sequence MNMSRLPWYSYAVSYAL ... which represents the first four amino acids of VP4 followed by the 99 C-terminal amino acids of VP1 and all downstream sequences. To elucidate the role of the 3D moiety in the proteolytic activity of 3C or 3ABC, a mutant of pT7-P2P3 (yielding transcript t4s) was used which carried a deletion of two bases at the Sspl restriction site (nt 5914). Thus two stop codons were introduced at amino acid positions 1731 and 1732 of the polyprotein, so that 3C was truncated by eight amino acid residues. To analyse the involvement of the predicted Cys codon residue in the catalytic mechanism of HAV proteinase 3C, the Cys codon at position 172 of 3C in construct pT7-P2P3 was substituted by an Ala using site-directed mutagenesis, resulting in pT7-P2P3~t (Kunkel, 1985) . The mutations were confirmed by dideoxynucleotide sequence determination (Sanger et al., 1977) . To study processing within P3 alone, plasmid pSP6-P3 was used which was derived from pHA¥/7 and represents a fusion of the P3 coding region to the 5' NTR of HAV strain HM175.
Transcription of template cDNA in vitro. DNA templates were purified by CsCI gradient centrifugation. Plasmid pT7-P2P3 was Prior to in vitro transcription, pHAV/7 (a) encoding the complete HAV cDNA (strain HMI75) sequence was linearized by EcoRI and HaeII to yield tl and t2, respectively, pT7-P2P3 (b) containing the 3'-most part of the 5' NTR (shaded area) followed by AVP1-P2P3 of HAV strain MBB was linearized by AccI, HindlIl and Sinai to yield t3, t4 and t5, respectively, pSP6-P3 (c) encodes A2C-P3 (HAV strain HMI75) which is preceded by the complete 5' NTR and the SP6 promoter, pSP6-P3 was linearized by BglII and HaeII to yield t6 and t7, respectively. Mutants derived from pT7-P2P3 and transcribed into t4p and t5g are not depicted. SP6 promoter (filled arrow), T7 promoter (unfilled arrow).
linearized by digestion with restriction enzymes AccI (nt 4670), HindIIl (nt 6149) or SmaI (multiple cloning site at the 3' end). After transcription, the resulting transcripts code for AVPI~ABAC (t3), AVP1-P2-3ABCAD (t4), AVP1-P2-3ABC* (t4s) or AVP1 P2 3ABC~tAD (t4la) and AVP1-P2-P3 (t5) or AVPI-P2 3ABCpD (t5~t), respectively ( Fig. 1) . Plasmids pHAV/7 and pSP6-P3 (HAV strain HM175) were restricted with EcoRI and HaeII, or BglII and HaelI, giving rise to transcripts tl, coding for P1-P2, and t2, coding for the complete genome, or t6 and t7, coding for parts or all of P3, respectively. Linearized cDNA was transcribed using T7 or SP6 RNA polymerase (New England Biolabs) according to the manufacturer's instructions. The coding regions covered by the synthetic transcripts are depicted in Fig. 1 .
Translation of synthetic RNA in vitro and identification of products.
Twenty to 100 ng of RNA was translated in a 10 pl rabbit reticulocyte lysate reaction mixture (Promega) at 30 °C in the presence of 10 laCi of [35S]methionine (New England Nuclear; > 1000 Ci/mmol). Standard conditions included 0-7 mM-magnesium acetate and 98 raM-potassium acetate. For identification of the products, 10 ~1 of the translation reaction was immunoprecipitated as described by others (Jia et al., 1991a, b) . The antisera used were anti-3C, which has been described before (Gauss-Mfiller et al., 1991) , and anti-2CA3A, which was raised in rabbits against a bacterial !3-galactosidase fusion protein that contained eight amino acids of HAV 2B, all of 2C and 46 amino acids of 3A.
[35S]Methionine-labelled products were analysed by SDS-PAGE. Gels were treated with Amplify (Amersham), dried and exposed to X-Omat AR films (Kodak) at -70 °C. 
Results

Proteolytic processing by HA V proteinases encoded within P2 and P3
Analysis of HAV proteolytic processing is severely hampered by the slow and non-cytolytic growth of the virus in tissue culture. We therefore investigated HAV proteinase activity in a cell-free transcription/translation system. Translation kinetics of transcripts derived from plasmids pHAV/7, pT7-P2P3 and pSP6-P3 (for a map of transcripts, see Fig. 1 ) were analysed by SDS-PAGE and are shown in Fig. 2 to 4. Processing by a putative P2-encoded proteinase was investigated by translating transcripts tl and t3 in the reticulocyte lysate. Translation of tl resulted in a prominent protein product with an M,. of 160K (Fig. 2, tl) . In addition, several shorter protein products were synthesized at lower efficiency and the observed protein pattern did not change over a period of 4 h (data not shown). This observation was further supported by detailed timecourse studies of translation using transcript t3. The predominant translation product of t3 corresponding to the calculated M r of polyprotein AVP1-2ABAC (72K) was detectable after 15 min and was stably expressed during the entire time period which suggests that the smaller proteins are products of internal initiation of translation and not of proteolytic processing (Fig. 2, t3 ). These results indicate that no proteolytic activity processing the viral polyprotein is encoded in the P2 region of HAV, irrespective of the presence of the complete (tl) or truncated P1 (t3). Further experiments were directed towards the analysis of proteolytic processing by a putative P3-encoded proteinase. Prior to the formation of the largest expected polypeptide of 115K (30 rain), a large number of smaller proteins were translated from transcript t4 after 10 min (Fig. 3, t4) . After 90 rain of translation, small amounts of a polypeptide of 35K were detectable. A polypeptide of the same Mr was produced by translating a transcript (Fig. 1, t6 ) which encodes the genomic region of A2C-3ABCAD preceded by the complete 5' NTR (data not shown).
To elucidate the role of the 3D domain in the activity of proteinase 3C, translation products derived from t4s which encodes 3C truncated by eight amino acids at its C terminus (*) were compared to those of t4 (Fig. 3, t4s and t4). Translation of t4s resulted in the generation of the full-length product pl 15 (30 rain) which disappeared after longer incubation. During the course of the experiment increasing amounts of p70 and p35 were produced. Comparison of the amounts of p35 derived from t4 with those of t4s suggests that a more active proteinase is expressed from t4s implying firstly that the eight C-terminal amino acids of 3C are not necessary for cleavage at the 2C/3A site and secondly that removal of the 3D moiety appears to result in higher activity of the viral proteinase, at least concerning cleavage of nonstructural proteins. Protein p35 derived from both t4 and t4s was identified as 3ABC by immunoprecipitation (see below).
In order to analyse the involvement of the putative proteinase 3C in HAV polyprotein processing, the Cys residue in the proposed active site of 3C (Cys 172; Bazan & Fletterick, 1988; Gorbalenya et al., 1989) was changed to Ala by site-directed mutagenesis. The mutated 3C was expressed as part of the polyprotein derived from transcript t4g. As shown in Fig. 3 , the precursor polypeptide was a stable product after translation of the mutated RNA (t4g) and no cleavage products were observed. Similar to t4, numerous additional products of smaller Mr were translated from t4~t before the largest polypeptide was visible. These results indicate that HAV 3C is a viral proteinase requiring Cys 172 for catalytic competence. Comparison of the wild-type translation products with those derived from the proteolytically inactive mutant shows comigration of most polypeptides derived from t4 and t4g which suggests that their translation was initiated at internal start sites.
Internal initiation and processing of the precursor polypeptide was also observed when transcript t5 containing the entire P2 and P3 region and the respective proteolytically inactive mutant t5p were translated (Fig.  4, t5 and t5g) . . Kinetic analysis of proteins translated from transcripts t5, tSp (coding for AVP1-P2-P3 and the respective mutant) and t2 (coding for the complete genome). Transcripts were translated in reticulocyte lysates and the products were analysed as described in Fig. 2 . Note that p89 is not a product of t5g.
of many polypeptides. The most prominent bands corresponded to M r values of 90K, 66K, 57K, 46K and 36K. Most of those were also formed when the wildtype transcript t5 was translated, indicating that they are products of internal initiation of translation. After both 60 and 120 min of translation oft5, however, p92 and p90 had almost completely disappeared whereas p89 which was not detectable among the products of t5g was not further processed (p89 was identified as P3, see below). Translation of transcript t2 encoding the complete viral genome resulted in a very similar translation pattern in which, prior to the appearance of large polypeptides, translation products of smaller M,. were detectable (Fig.  4, t2) . Product p89 of t2 was stable whereas p92 and p90 disappeared upon longer incubation. Among many aberrant initiation products, p89 was also a stable processing product of t7 which encodes the complete P3 region preceded by eight amino acids of P2 (data not shown).
Comparison of the translation patterns of t4 and t6 with those of t5 and t7 (for transcripts see Fig. 1 ; data not shown) suggested that internal initiation of translation is not affected by the 5' N T R or parts of it preceding the open reading frame but is an inherent property of HAV RNA. In an attempt to suppress aberrant initiation, a variety of parameters were tested which had been shown to affect the fidelity of translation of poliovirus in rabbit reticulocyte lysate (Dorner et al., 1984) . Alteration of the concentration of template RNA (10 to 100 p.g/ml), MgC1 (0-7 to 2 mM), KC1 (60 to 220 raM), KSCN (0 to 50 ms), D T T (0 to 50 mM) and spermidine (0 to 5 raM) or supplementing the reticulocyte lysate with extracts of HAV-infected or uninfected cells did not reduce aberrant initiation of translation. Furthermore, capping of transcripts derived from pT7-P2P3 with mTGpppG did not improve the translation efficiency or change the overall product pattern (not shown).
Intermolecular cleavage by proteinase 3C translated in vitro
To test for trans-cleavage activity of HAV 3C expressed by the cell-free translation system, tl, t3 and t4~t were used to prime the synthesis of radiolabelled precursor polypeptides P1 P2, AVP1-P2 and P2-P3g which served as substrates. Products translated in vitro from t4, t5 and t4s in the presence of unlabelled methionine were the source of enzymes which were incubated with labelled substrates for 2 h. Using this experimental approach, no change in the polypeptide pattern derived from tl, t3 or t4g was observed, indicating that insufficient amounts of proteolytically active 3C-containing polypeptides were translated to allow cleavage of separately translated polypeptides (data not shown).
Immunoprecipitation of polypeptides translated in vitro and proteolytic cleavage at the 3C/3D site
Processing products were identified by immunoprecipitation using antisera directed against recombinant proteins 2C, 2CA3A, 3C and 3D* and synthetic peptide 3B. Polypeptides translated from t4s for 20 and 120 min were immunoprecipitated using anti-2C, anti-2CA3A and anti-3C (Fig. 5) . Anti-2CA3A and anti-2C reacted with p37 (3ABC*i), but only anti-2CA3A recognized p35 (3ABC*) (Fig. 5, lanes 1, 2, 4 , 5, 8 and 9). Both proteins were also reactive with anti-3C, albeit giving a weaker signal because of the lower antibody affinity (Fig. 5 , lanes 3 and 6). Product p35 was also recognized by anti-3B (not shown). Product p37 which was observed after 20 rain of translation was no longer detectable after 120 min and only larger polypeptides translated from internal start sites were precipitated by anti-2C (lanes 2, 5 and 9). These data suggest that p35 is 3ABC* which results from polyprotein processing at the P2/P3 junction and that p37 is one of its precursors (3ABC*i) which is initiated at an AUG codon upstream of 3A.
To test whether sites other than the 2C/3A junction were cleaved by 3C in this system, translation products of t4 and t7 were analysed. Examination of products derived from t4 (coding for AVP1-P2-3ABCAD) and t6 (coding for A2C3ABCAD) had shown small amounts of p35 and p34 after 90 rain of translation which did not appear when t4p was translated (Fig. 3 t6, t4 and t4g) . Immunoprecipitations of translation products of t4s and t7 with anti-2CA3A (Fig. 5, lanes 1 and 8) , but not with anti-2C (lanes 2 and 9) indicate that p35 is 3ABC. Anti-2CA3A recognized P3 (89K) in addition, which was also detected by anti-3D* (lane 10). These data indicate that 3ABC is a processing product derived from t4 and t7 and suggest that not only the 2C/3A but also the 3C/3D junction can be cleaved by proteinase 3C expressed from these transcripts. Cleavage at the 3C/3D junction seems to occur only to a small extent and to be independent of whether all or part of 3D is present. Attempts to identify 3BC, 3C or 3CD by immunoprecipitation using anti-3C or anti-3D* were unsuccessful, suggesting that the 3A/3B and/or 3B/3C sites are not cleaved or that the resulting processing products are not stable in the reticulocyte lysate. Identification of 3D as a processing product of P3 was hampered by the early appearance of internally initiated and stable polypeptides of the same size as 3D.
Discussion
In vitro transcription/translation of synthetic transcripts represents a useful experimental system to study proteolytic processing of HAV since both precursors and non-structural proteins are rather elusive in HAVinfected cells (Gauss-Mfiller et al, 1991; Updike et al., 1991) . Distinct genomic regions of HAV, coding for potential proteinases and their substrates, were cloned into the transcription vector pGEM and translation products of in vitro synthesized transcripts were analysed. In contrast to translation of EMCV RNA in vitro which results in proteins mostly identical to those found in infected cells, our data and those of others show that in vitro translation of HAV RNA is obscured by polypeptides which represent products of internal initiation of translation (Jackson, 1986; Jia et al., 1991a, b) .
Initiation at downstream AUG codons upon translation in the rabbit reticulocyte lysate is a feature also found in the case of poliovirus RNA (Dorner et al., 1984) . This internal initiation seems to be due to the lack in such lysates of specific translation factors that bind to the internal ribosomal entry site in the 5' NTR and allow faithful initiation at the correct AUG codon. In the case of poliovirus, truncation of the untranslated region by 670 nt dramatically reduced internal initiation (Nicklin et al., 1987) . Therefore, a HAV cDNA template was constructed that contains the last 100 bases of the 5' NTR including the ATG of the long open reading frame fused to the coding regions for AVP1, P2 and P3. Transcripts derived from this construct directed translation in vitro as effectively as those containing the entire 5' NTR. This is in accordance with recent observations which show that the truncation of the HAV 5' NTR by 634 nt does not reduce translation efficiency in vitro . In contrast to the observation with poliovirus, the extent of internal translation initiation was found to be approximately the same, irrespective of whether the complete or truncated 5' NTR preceded the open reading frame. The majority of polypeptides translated from the full-length RNA transcript (t2) comigrated with proteins derived from t5 and t7, suggesting that frequent utilization of internal initiation sites is an inherent property of the HAV P3 (in particular 3D) region and is not influenced by preceding sequences of the 5 ~ NTR. Additional evidence for the preferential initiation of translation within the P3 region is provided by the higher incorporation rate of isotope into the expected full-length products of P2 (t3) as compared to those of P2P3 templates (t4 and t5, see Fig.  2 to 4) . As a consequence of the predominant initiation within P3, very small amounts of complete P1 or P2 polypeptides were translated from either t2 or t5, preventing detailed analysis of autocatalytic processing of HAV PI-P2 or P2 precursors. Internal initiation of translation could not be suppressed by altering translation conditions (e.g. salts, cell extracts) (Dorner et al., 1984) . It is conceivable that other factors (e.g. liverspecific host proteins) may govern translation of HAV; these could be provided by an authentic cell-free system (Molla et al., 1991) .
Primary cleavage at either the N or C terminus of 2A occurs very rapidly and cotranslationally in all picornaviruses studied so far and is catalysed by proteinase 2A itself or by an enzyme-independent mechanism, respectively (Palmenberg, 1990) . In contrast, no proteolytic activity appears to be encoded in the HAV P2 region, since the P1/P2 junction expressed from tl or t3 was not cleaved. Our experimental evidence is supported by computer-assisted sequence analysis of the HAV 2A-2B region which shows homology neither to members of known proteinase families nor to the structures required for the novel self-cleavage mechanism (Bazan & Fletterick, 1988; Palmenberg, 1990) . Primary cleavage within the HAV precursor polypeptide may be mediated by proteinase 3C or a cellular proteinase, or may require a host cell factor not present in reticulocyte lysates.
Proteolytic processing of the in vitro translated HAV precursor polyprotein was observed only when the genomic region coding for 3C was expressed. Processing is most rapid and efficient at the 2C/3A junction, whereas cleavage at the 3C/3D site is less efficient. Classification of HAV 3C as a cysteine-containing proteinase has been suggested and was supported by mutation of the putative active site Cys, yielding proteolytically inactive precursor proteins. Previous studies indicated the importance of the 30 C-terminal amino acids of 3C and particularly of a conserved His residue for the proteolytic activity of HAV 3C (GaussMfiller et al., 1991; Harmon et al., 1992; Jia et al., 1991 a) . In contrast, 3C expressed from t4s and truncated by eight C-terminal amino acids cleaved at the 2C/3A site yielding polypeptide 3ABC*. Polypeptide 3ABC* is produced much more efficiently suggesting that the truncated product is more active than that translated from the full-length P2-P3 region derived from t5. This may be due to the presence of the 3D moiety in the P2P3 translation products interfering with cleavage activity and to the observed inefficient processing at the 3C/3D site.
Cleavage at the 3C/3D junction seems to occur concomitantly with that at the 2C/3A site as suggested by the kinetic appearance of 3ABC derived from t4 and t6 (Fig. 3) . However, only a portion of P3 is cleaved at the 3C/3D site in the reticulocyte system, as indicated by the small amounts of 3ABC immunoprecipitated from translation products of t7 where the predominant processing product is P3. Proteolytic cleavages at other sites within P3 could not be detected. This is in contrast to results obtained in a bacterial expression system where autoproteolytic cleavage of a fusion protein containing [3-galactosidase-A3A3BCAD was shown to occur at the 3B/3C, 3C/3D and probably also at the 3A/3B site (Gauss-Mfiller et al., 1991; Harmon et al., 1992) . It is possible that cleavage at the 3A/3B and 3B/3C sites requires a higher enzyme concentration, that these sites are not correctly folded in the reticulocyte system or that the products initiated within 3C or 3D interfere with cleavages at either site. Furthermore, it can not be excluded that small amounts of P3 are processed at all potential cleavage sites, yet the cleavage products are not stable in the reticulocyte lysate, as has been observed for in vitro translation products of EMCV (Jackson, 1989) . During poliovirus polyprotein processing, cleavage between 3B and 3C is very rapid whereas the 3C/3D site is processed very inefficiently (Jackson, 1989) . This difference in the processing rate results in the accumulation of large amounts of 3CD, the proteinase specifically responsible for processing of poliovirus precursor P1 (Ypma-Wong et al., 1988; Jore et al., 1988) ./n vitro, the major processing pathway for P3 of EMCV yields 3ABC and 3D as the first products and scission at the 3C/3D junction does not require full-length 3D (Jackson, 1986) .
Proteolytic activity of 3C translated in vitro resulted in the appearance of 3ABC and/or P3. Since these products were not observed in trans-cleavage assays, proteolysis at the 2C/3A and 3C/3D sites may occur by a monomolecular reaction in the reticulocyte lysate (Jia et al., 1991 a) . Nevertheless, it can not be excluded that the lack of trans-cleavage activity of in vitro translated 3C and its precursors is due to limiting factors in the cell-free system (e.g. stability of 3C or folding of the precursor polypeptide). Our attempts to show intermolecular processing within P 1 or P2 using translation products of t4, t4s and t5 as sources of enzymes were unsuccessful. It is probable that limiting amounts of active 3C are produced in HAV-infected cells (data not shown) as well as in the cell-free system, since evidence for trans-active proteinase is provided by experiments using bacterially 
